Neutropenia and related infections are the most important dose-limiting toxicities in anticancer chemotherapy and radiotherapy. In this study, we explored a new strategy for augmenting host defense in neutropenia-related pneumonia. Phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) signaling in neutrophils was elevated by depleting PTEN, a phosphatidylinositol 3-phosphatase that hydrolyzes PtdIns(3,4,5)P 3 . In myeloidspecific PTEN knockout mice, significantly more neutrophils were recruited to the inflamed lungs during neutropeniaassociated pneumonia. Using an adoptive transfer technique, we demonstrated that this enhancement could be caused directly by PTEN depletion in neutrophils. In addition, disruption of PTEN increased the recruitment of macrophages and elevated proinflammatory cytokines/chemokine levels in the inflamed lungs, which could also be responsible for the enhanced neutrophil recruitment. Depleting PTEN also significantly delayed apoptosis and enhanced the bacteria-killing capability of the recruited neutrophils. Finally, we provide direct evidence that enhancement of neutrophil function by elevating PtdIns(3,4,5)P 3 signaling can alleviate pneumonia-associated lung damage and decrease pneumonia-elicited mortality. Collectively, these results not only provide insight into the mechanism of action of PTEN and PtdIns(3,4,5)P 3 signaling pathway in modulating neutrophil function during lung infection and inflammation, but they also establish PTEN and related pathways as potential therapeutic targets for treating neutropenia-associated pneumonia. (Blood. 2009; 113:4930-4941)
Introduction
Pneumonia is usually triggered when a person's defense system is weakened. [1] [2] [3] [4] It represents a major cause of infectious complication in cancer patients with treatment-related neutropenia. [5] [6] [7] Neutropenia-related lung infections have been treated with broad-spectrum antibiotic therapy and granulocyte colonystimulating factor (G-CSF) therapy. Here, we explored an alternative strategy for augmenting host defense in neutropeniarelated pneumonia by enhancing neutrophil functions (ie, recruitment, survival, and bacteria killing) in neutropenic patients. We achieved this by augmenting the intracellular phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) signaling pathway, which has been implicated in a variety of neutrophil functions, such as survival, polarization, chemotaxis, and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation. [8] [9] [10] [11] We recently demonstrated that augmenting PtdIns(3,4,5)P 3 signal by depleting PTEN, a phosphatidylinositol 3Ј-phosphatase that negatively regulates PtdIns(3,4,5)P 3 signaling, prevents neutrophil death. 12 In addition, PTEN-null neutrophils had enhanced sensitivity to chemoattractant stimulation. A larger fraction of these neutrophils displayed membrane ruffles in response to chemoattractant stimulation. Chemoattractant-induced transwell migration and superoxide production were also augmented. 13 In the present study, we further investigated the consequences of PTEN disruption in neutropenia-related pneumonias. Our data revealed that PTEN-null neutrophils possess an enhanced bacteria-killing capability in bacterial pneumonia, and their recruitment to the inflamed lungs was also augmented. Moreover, we provided direct evidence that enhancement of neutrophil function by elevating PtdIns(3,4,5)P 3 signaling can alleviate pneumonia-associated lung damage and decrease the related mortality rate. Collectively, these results not only provide insight into the mechanism of action of the PtdIns(3,4,5)P 3 pathway in elevating neutrophil function in lung infection and inflammation, but they also establish PTEN and its related pathways as potential therapeutic targets for treating neutropenia-related pneumonia.
Methods

Mice
The conditional PTEN knockout (KO) mice (PTEN loxP/loxP ) and the myeloid-specific Cre mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The experimental myeloid-specific PTEN KO mice were generated as previously described. 12, 13 Six-to 12-week-old mice were used in all experiments. Mouse bone marrow neutrophils were prepared as described by Zhu et al. 12 All procedures involving mice were approved and monitored by the Children's Hospital Animal Care and Use Committee at Harvard Medical School.
Escherichia coli or LPS-induced acute pneumonia
After anesthesia with ketamine hydrochloride (100 mg/kg intraperitoneally) and xylazine (10 mg/kg intraperitoneally), mouse trachea was surgically exposed, and a total volume of 50 L saline or a dose of 10 6 colony-forming units (CFU) of E coli (strain 19138; ATCC, Manassas, VA) or 5 mg/kg lipopolysaccharide (LPS; E coli o55:B5, Sigma-Aldrich, St Louis, MO) per mouse was instilled intratracheally to the left bronchus. Colloidal carbon (1%) was included in the instillate to indicate deposition. At the end of the experiments, mice were killed by CO 2 .
Cyclophosphamide and irradiation-induced mouse neutropenia model
Cyclophosphamide powder (Cytoxan; Bristol-Myers Squibb, Princeton, NJ) was dissolved in distilled water for injection at a final concentration of 20 mg/mL. Cyclophosphamide was injected intraperitoneally at a total dose of 250 mg/kg (two 0.5-mL injections on day 1 [150 mg/kg] and day 4 [100 mg/kg]). Blood samples (ϳ 30 L) were taken from the retroorbital sinuses of anesthetized uninfected mice using heparinized capillary tubes (Modulohm, Herlev, Denmark) on days 1, 4, 5, 6, and 7. Total and differential white blood cell counts (neutrophils, lymphocytes, and monocytes) were performed using a Hemavet 850 hematology system (Drew Scientific, Ramsey, MN), which is a multiparameter, automated hematology analyzer designed for in vitro diagnostic use. For irradiation-induced neutropenia, mice were exposed to a single dose of 600 cGy in a Gammacell 40 137 Cs Irradiator (MDS Nordion, Ottawa, ON). Total and differential white blood cell counts were monitored on days 3, 4, 5, and 6 as described above (data not shown).
Adoptive transfer of neutrophils
Bone marrow neutrophils were isolated from wild-type (WT) and myeloid-specific PTEN-deficient mice as previously described 14 and were labeled with 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester (CFSE; final concentration 5 M) or seminaphthorhodafluor-1 (SNARF-1) acetate (final concentration 5 M) at 37°C for 10 minutes. Labeled cells were mixed (1:1) as indicated and then injected intravenously (via tail vein) into WT neutropenic mice that had been challenged with 10 5 CFU of E coli for 2.5 hours. Bronchoalveolar lavage fluid (BALF) was harvested 2.5 hours after the injection of the cell mixture. The amount of adoptively transferred neutrophils recruited to the bronchoalveolar air space was analyzed using a FACSCanto II flow cytometer and FACSDiva software (BD Biosciences, San Jose, CA). Relative recruitment of WT and PTEN-null neutrophils was calculated as the ratio of indicated populations in the BALF ( Figure 5 ).
Assays for neutrophil/macrophage functions
The related assays, including neutrophil/macrophage recruitment, morphometric analyses of histologic lung sections, BALF collection, BALF cytokine and chemokine levels and total protein levels, in vitro cytokine and chemokine release by alveolar macrophages, in situ detection of apoptosis, neutrophil apoptosis in the inflamed peritoneal cavity, bacterial burden, in vitro bactericidal assay, pulmonary mechanics measurement, gentamicin protection assay, phagocytosis assay, superoxide production during phagocytosis, and myeloperoxidase activity assay, are described in detail in Document S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article).
Statistical analysis
The Kaplan-Meier and log-rank methods were used to analyze survival rates. Other values were compared using the Student t test. Differences were considered significant when P was less than .05.
Results
Accumulation of PTEN-null neutrophils in inflamed lungs is enhanced in bacterial pneumonia
We recently reported that the responsiveness of neutrophils to chemoattractant stimulation is enhanced in PTEN KO mice in which PtdIns(3,4,5)P 3 signaling is hyperactivated. Using a mouse peritonitis model, we showed that the recruitment of neutrophils to inflamed peritoneal cavity was highly elevated in these mice. 13 To investigate whether elevation of PtdIns(3,4,5)P 3 signaling can also lead to increased neutrophil recruitment to inflamed lungs, we used a mouse bacterial pneumonia model. In this model, lung inflammation was induced by intratracheal instillation of the Gram-negative bacterium E coli, which is one of the most common pathogens in neutropenia-related pneumonia. [5] [6] [7] Because of the early embryonic lethality of conventional Pten Ϫ/Ϫ mice, 15 we used a conditional PTEN KO mouse, in which 2 loxP sequences were inserted on either side of exon 5 of the PTEN gene encoding the phosphatase domain. We crossed this mouse with a myeloid-specific Cre line, in which the Cre recombinase gene was under the control of a lysozyme M promoter. Thus, disruption of PTEN occurred only in mice with the myeloid linage, including monocytes, mature macrophages, and neutrophils. 12 Mice that are homozygous for this allele are viable, fertile, normal in size, and do not display any gross physical or behavioral abnormalities. 13 Neutrophil accumulation in inflamed lungs was assessed 8 and 24 hours after bacteria instillation using 2 independent methods: bronchoalveolar lavage (BAL; Figure 1A ) and morphometric analyses of histologic lung sections (Figures 1B,C and S1). As expected, very few neutrophils were detected in the lungs of unchallenged mice. Similar to previously published data from other laboratories using the same model, [16] [17] [18] [19] the number of neutrophils in the WT BALF reached nearly 10 6 cells/lung 8 hours after bacteria instillation and nearly 2 ϫ 10 6 cells/lung 24 hours after bacteria instillation. Myeloid-specific PTEN Ϫ/Ϫ mice showed a dramatic increase in bacteria-induced neutrophil recruitment. Nearly 2 ϫ 10 6 neutrophils were recruited to the lungs 8 hours after induction, and 3.5 ϫ 10 6 were recruited 24 hours after induction ( Figure 1A ). We detected a similar effect when we quantified the number of emigrated neutrophils in alveolar air spaces by morphometric analyses of histologic lung sections (Figures 1B,C and S1). Because PTEN disruption did not affect peripheral blood neutrophil count before or after bacteria instillation ( Figure S2 ), the enhanced neutrophil accumulation is most likely due to elevated neutrophil recruitment and/or delayed neutrophil death in the inflamed lungs. In these experiments, specific increases in PtdIns(3,4,5)P 3 signaling in recruited neutrophils was confirmed by measuring phosphorylation of Akt, a well-known downstream factor in the PtdIns(3,4,5)P 3 signaling pathway ( Figure 1D ).
Dramatically increased lung neutrophil number often leads to aggravated lung damage. We consistently detected augmented pulmonary edema formation ( Figure 1E ) and increased protein accumulation ( Figure 1F ) in the lungs of the PTEN Ϫ/Ϫ mice. In addition, a much increased pneumonia-associated death rate was observed in the PTEN Ϫ/Ϫ mice. More than 80% of WT experimental mice survived the challenge. In contrast, only 50% of PTEN KO mice survived ( Figure 1G) . Collectively, these results demonstrated that elevating PtdIns(3,4,5)P 3 signaling by PTEN disruption can result in enhanced neutrophil accumulation and more severe lung inflammation in bacterial pneumonia in nonneutropenic mice. We also examined neutrophil accumulation and associated lung inflammation in pneumonia induced by sterile ligands LPS. Essentially the same results were observed: PTEN disruption led to elevated neutrophil recruitment and aggravated lung inflammation ( Figure S3 ). One mechanism that can lead to enhanced pulmonary neutrophil accumulation is increasing the lifespan of recruited neutrophils.
Neutrophils are terminally differentiated and usually have a short lifespan (1-4 days in tissue). They die via programmed cell death (apoptosis). We have shown that augmenting the PtdIns(3,4,5)P 3 signal by depleting PTEN dramatically delays the spontaneous death of cultured neutrophils. 13 In this study, we explored whether neutrophil death in inflamed lungs is also delayed in PTEN KO mice. We first measured the apoptosis of neutrophils collected from BALF. Few apoptotic neutrophils were detected in WT or PTENnull mice ( Figure S4 ). In the inflamed lung, the apoptotic neutrophils might have already been cleared by macrophages before they The total number of cells in the lungs was counted by hemocytometer. Differential cell counts were conducted on cytospin preparations stained with a modified Wright-Giemsa stain (Volu-Sol, Salt Lake City, UT). Neutrophils were recognized by their lobular or segmented nuclei. The percentage of pulmonary neutrophils (PMNs) in the whole population was determined accordingly. Total number of PMNs recruited was calculated as follows: number of PMNs ϭ cell density ϫ volume ϫ % PMN. All data are presented as mean (Ϯ SD); n Ն 4 mice in each group. *P Ͻ .05, **P Ͻ .01 versus wild type. (B) Staining of histologic lung sections shows emigrated neutrophils and polymerized fibrin in the pulmonary parenchyma. Lungs were fixed with Bouin solution at 23 cm H2O pressure. Tissues were embedded in paraffin, and 6-m-thick sections were stained with hematoxylin and eosin (H&E). (C) Emigrated neutrophils in alveolar air spaces were quantified as volume fraction of the alveolar air space using standard point-counting morphometric techniques. 63 The relative volumes of the parenchymal regions occupied by emigrated neutrophils were calculated by investigators blinded to the identities of the mice and were expressed as the percentage of the total parenchymal region volume (including both tissue and air space). (D) PtdIns(3,4,5)P3 signaling is specifically elevated in PTEN-null neutrophils. Neutrophils, primary spleen cells, and brain cells collected from WT and myeloid-specific PTEN KO mice were stimulated with 25 ng/mL MIP-2 and lysed at 0 and 10 minutes. Phosphorylated and total Akt were detected by Western blotting using anti-phospho-Akt (Ser473; 1:1000) and anti-Akt (1:1000) antibodies (Cell Signaling Technology, Beverly, MA), respectively. Densitometry of the blots was performed using the ImageJ software, Gel Analyzer plug-in. Phospho-Akt levels were normalized based on loading (total Akt level). (E) Pulmonary edema formation was quantified as the percentage of edema area in the total parenchymal region using IPlab imaging software. (F) BALF total protein. Protein accumulated in the inflamed lung was measured using a Bio-Rad (Hercules, CA) protein assay kit. The standard curve was constructed using bovine serum albumin (BSA). (G) Rate of mortality due to E coli-induced pneumonia in WT and myeloid-specific PTEN KO mice. Age-and sex-matched WT and PTEN KO mice were intratracheally challenged with 10 6 live E coli and monitored for 7 days. The Kaplan-Meier and log-rank methods were used to analyze survival rates. *P Ͻ .01 versus WT.
could emigrate into the alveolar space. Thus, we checked the apoptosis of neutrophils in the lung tissues. The viability of neutrophils in histologic lung sections was determined by a terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL) assay, which detects fragmented DNA in apoptotic cells 20, 21 ( Figure 2A ,B). In WT mice, approximately 10% of recruited pulmonary neutrophils were TUNEL-positive 24 hours after the bacteria instillation. This number dropped to 7% in PTEN KO mice, suggesting reduced neutrophil death in these mice.
To further investigate whether the reduction of in vivo neutrophil death was due to alterations of the intrinsic apoptotic/survival pathway in the PTEN-null neutrophils or due to an altered lung inflammatory environment in the myeloid-specific PTEN KO mice, we conducted an adoptive transfer experiment using a mouse peritonitis model ( Figure 2C ). We labeled purified PTEN-null neutrophils with intracellular fluorescent CFSE (green) and WT neutrophils with another dye (5-(and 6-)chloromethyl SNARF-1 acetate [red]), or vice versa. The mixed (1:1) population was injected into the peritoneal cavity of the same WT mice. The relative rate of apoptosis was calculated by measuring the ratio between PTEN-null and WT neutrophils at the inflammation site. By doing this, we skipped the step of neutrophil recruitment. Thus, the number of neutrophils in the peritoneal cavity will directly Neutropenia in receipt mice was induced by a widely used chemotherapeutic drug, Cy ( Figure S5 ). The mature WT or PTEN-null neutrophils were purified from the inflamed peritoneal cavity and labeled with intracellular fluorescent dye CFSE or 5-(and -6)-chloromethyl SNARF-1 acetate (SNARF-1). Labeled cells were mixed (1:1) and intraperitoneally injected to WT mice challenged with 3% thioglycollate (TG). Peritoneal lavage was collected 15 hours after cell injection, and the ratios of adoptively transplanted WT and PTEN-null neutrophils were analyzed using a FACSCanto II flow cytometer and FACSDiva software (D). Relative death rates were quantified and expressed as the ratio of adoptively transplanted PTEN-null neutrophils to WT neutrophils in the inflamed peritoneal cavity (E). Data shown are mean (Ϯ SD; n ϭ 3 mice in each group). *P Ͻ .05 versus WT.
reflect the death rate of each population. In addition, because the WT and PTEN-null neutrophils were in exactly the same environment, variability caused by the difference of each individual recipient mouse was eliminated. PTEN-null and WT neutrophils were identified by their unique fluorescent labels using FACS analysis. Supporting our hypothesis that PTEN-null neutrophils have a prolonged lifespan, we detected greatly delayed clearance of transplanted PTEN-null neutrophils compared with WT neutrophils ( Figure 2D ,E).
Augmenting PtdIns(3,4,5)P 3 signal by depleting PTEN enhances the bacteria-killing capability of neutrophils
In the mouse bacterial pneumonia model, we detected elevated neutrophil recruitment to inflamed lungs in PTEN-null mice ( Figure 1 ). We subsequently explored the survival rate of intratracheally instilled live E coli cells ( Figure 3A ). Due to cell proliferation, the number of bacteria gradually increased after initial instillation. When a significant number of neutrophils accumulated in the lungs (8-24 hours after the instillation), the number of bacteria stopped increasing, reflecting the bacteriakilling capability of neutrophils. We detected fewer bacteria in inflamed myeloid-specific PTEN-null mice, suggesting that these mice have enhanced bacteria-killing capability ( Figure 3A ). This finding could be the result of elevated neutrophil recruitment detected in PTEN-null mice. To test whether the intrinsic bacteriakilling capability of neutrophils is also enhanced by PTEN disruption, we conducted an in vitro assay using the same number of WT and PTEN-null neutrophils ( Figure 3B ,C). The bacteriakilling capability of PTEN-null neutrophils was increased by 40% at 30 minutes and by 60% at 2 hours compared with WT neutrophils. Augmented phagocytosis could be responsible for enhanced bacteria killing. To test this, we quantified the number of bioparticles engulfed by each neutrophil using an in vitro phagocytosis assay ( Figure 3D ,E). After 1 hour of incubation at 37°C, an average of 60 mouse serum-opsonized fluorescein-conjugated zymosan particles were engulfed by 100 WT neutrophils (phagocytic index). PTEN Ϫ/Ϫ neutrophils had a dramatically increased phagocytic index: nearly 100 bacteria were engulfed by 100 neutrophils ( Figure 3D ). A similar effect was detected when the in vitro phagocytosis assay was conducted using purified mouse neutrophils and serum-opsonized fluorescein-conjugated bacteria bioparticles ( Figure 3E ). These results are consistent with a previous report indicating an increased phagocytosis in PTEN-null macrophages. 22 The augmented phagocytosis was likely a result of enhanced engulfment, because there was essentially no difference in the initial bacteria/zymosan-binding capability between WT and PTEN-null neutrophils ( Figure 3D ,E). We also monitored phagosome-lysosome fusion using a LysoTracker fluorescent dye.
No obvious alteration was detected in the PTEN-null neutrophils, suggesting that elevation of the PtdIns(3,4,5)P 3 signal does not affect phagosome maturation ( Figure 3F ). Elevated bacteria killing capability could also be a result of enhanced superoxide production in phagosomes. Accordingly, we measured phagocytosis-associated superoxide production in both PTEN KO and WT neutrophils. A significant enhancement was observed in the PTEN-null neutrophils for both E coli and zymosan-induced superoxide production ( Figure 3G ). Recently, Anderson et al reported that superoxide production elicited by serum-opsonized bioparticles is mainly mediated by complement and CD18. Interestingly, this process requires class III phosphatidylinositol 3-kinase (PI3K) and its product PtdIns(3)P, and it is independent of class I PI3K and its product PtdIns(3,4,5)P 3 . 23 PTEN acts as a lipid phosphatase, removing the phosphate in the D3 position of the inositol ring from PtdIns(3,4,5)P 3 , PtdIns(3,4)P 2 , and PtdIns(3)P. Thus, its effect on phagocytosis-associated superoxide production is most likely mediated by its lipid phosphatase activity on PtdIns(3)P. Finally, we measured neutrophil intracellular bactericidal activity using a gentamicin protection assay. Consistent with the elevated superoxide production, the capability of the PTEN-null neutrophils to kill engulfed bacteria was much increased compared with the WT neutrophils ( Figure 3H ). Taken together, these findings further demonstrate the enhanced bacteriakilling capability of neutrophils in which the PtdIns(3,4,5)P 3 signal is augmented.
Disruption of PTEN enhances pulmonary neutrophil accumulation and reduces bacterial burden in neutropenia-associated pneumonia
Excessive neutrophil accumulation or hyperresponsiveness of neutrophils can damage surrounding tissues and cause unwanted and exaggerated tissue inflammation. However, neutrophils are the major cell type in innate immunity, and they protect their host by engulfing, killing, and digesting invading bacterial and fungal pathogens. Thus, elevated neutrophil function might be beneficial in certain pathologic conditions. Accordingly, we investigated whether enhancing neutrophil function by PTEN disruption can be used as a therapeutic strategy to augment host defense in neutropenia-related pneumonia. We first examined neutrophil recruitment and its bacteria-killing capability under neutropenic conditions. We induced neutropenia using a widely used chemotherapeutic drug, cyclophosphamide (Cy; Figure S5 ), which is used primarily to treat cancer. The mechanism of action is thought to involve cross-linking and strand breakage of tumor cell DNA. 24, 25 The induction of neutropenia by Cy has been well documented. [26] [27] [28] Two intraperitoneal injections for a total dose of 250 mg/kg (150 mg/kg at day 1 and 100 mg/kg at day 4) were sufficient to induce severe neutropenia. On day 5, Cy-treated mice had approximately 90% fewer circulating neutrophils than di the untreated group. The profound neutropenia persisted through days 6 and 7 ( Figure S5 and Figure 4A ). Due to the severe neutropenia, some WT and PTEN KO mice cannot survive bacterial challenge at a dose of 10 6 CFU/mouse (data not shown). Thus, we used 10 5 CFU/mouse in all experiments involving neutropenic mice. After bacterial instillation, the number of neutrophils accumulated in the lungs was significantly lower in both WT and myeloid-specific PTEN-null neutropenic mice compared with untreated mice. However, PTEN-null mice still had approximately 3-fold more bacteria-induced pulmonary neutrophil accumulation compared with WT mice (Figure 4B,C) . Consistently, the activity of myeloperoxidase (MPO), a peroxidase enzyme most abundantly present in phagocytes, was substantially elevated in the lungs of PTEN-null mice ( Figure 4D) . Moreover, the enhanced neutrophil accumulation in the PTEN-null mice led to better clearance of instilled bacteria, as revealed by the reduced bacteria number in the inflamed lungs of these mice ( Figure 4E-G) . As a result, the resolution of bacteria-induced lung inflammation was accelerated. The inflammation-associated lung damage, which was evaluated by pulmonary edema formation, was alleviated in PTEN-null mice ( Figure 4H ). We also examined neutrophil recruitment, bacteria-killing capability, and lung inflammation in irradiation-induced neutropenic mice, and essentially the same results were obtained, demonstrating that the protective effects detected in the PTEN-null mice were not model-dependent ( Figure S6 ).
Disruption of PTEN directly increases the efficiency of neutrophil recruitment to the inflamed lungs
We have shown that the accumulation of neutrophils in both inflamed lungs (Figures 1, 4) and inflamed peritoneal cavity 13 was enhanced in myeloid-specific PTEN-null mice. We further demonstrated that prolonged neutrophil survival is at least partially responsible for this elevated accumulation (Figure 2) . However, whether the efficiency of neutrophil recruitment to the sites of inflammation is also increased in the myeloid-specific PTEN-null mice has not been directly examined in vivo. Thus, we next investigated neutrophil recruitment in neutropenic mice using an adoptive transfer assay ( Figure 5 ). As described in Figure 2C , we labeled in vitro-purified PTEN-null neutrophils with CFSE and WT neutrophils with SNARF-1 acetate, or vice versa. The mixed (1:1) population was intravenously injected into a WT neutropenic recipient mouse 2.5 hours after the intratracheal instillation of WT or PTEN-null neutrophils were incubated with mouse serum-opsonized latex beads for 60 minutes. Phagosomes were stained with LysoTracker and visualized under fluorescent microscopy. (G) Intracellular reactive oxygen species (ROS) production during phagocytosis. Bone marrow-derived neutrophils from WT and PTEN KO mice were incubated with (or without) mouse serum-opsonized E coli or zymosan bioparticles in the presence of superoxide dismutase (SOD; 50 U/mL) and catalase (2000 U/mL). ROS production was monitored in a luminometer at 37°C. Chemiluminiscence (arbitrary light units) was recorded every 150 seconds for 1 hour. (H) Intracellular killing assay. Bone marrow-derived neutrophils from WT and PTEN KO mice were incubated with mouse serum-opsonized live E coli for 1 hour and then with 100 g/mL gentamicin for an additional hour. Viable intracellular bacteria were quantified by subsequent plating the lysed samples on Luria-Bertani agar. The results were normalized by phagocytosis indexes. All data are presented as mean (Ϯ SD; n ϭ 3-4 mice in each group). *P Ͻ .05, **P Ͻ .01, and ***P Ͻ .001 versus WT.
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For personal use only. on December 27, 2017. by guest www.bloodjournal.org From E coli ( Figure 5A ). By doing this, we were able to compare the recruitment of these 2 types of neutrophils in exactly the same environment. Independent of the dye used to stain the neutrophils, we consistently detected enhanced (Ͼ 2-fold) pulmonary recruitment of PTEN-null neutrophils compared with WT neutrophils ( Figures 5B,C and S7 ). This result suggests that the observed elevation of neutrophil accumulation in PTEN-null mice is a combination of enhanced neutrophil recruitment and delayed neutrophil death.
Disruption of PTEN increases the recruitment of macrophages in the inflamed lungs
Besides neutrophils, alveolar macrophages are also considered major effector cells in host defense against respiratory tract infections by virtue of their potent phagocytic properties. [29] [30] [31] [32] [33] They are also important in initiating the inflammatory responses. In response to danger, alveolar macrophages produce various proinflammatory mediators to orchestrate the inflammatory response, leading to the recruitment of other types of cells, including neutrophils, to the lungs. 34, 35 In the myeloid-specific PTEN KO mice used in this study, PTEN expression is also ablated in macrophages. 13 Thus, it is possible that elevation of PtdIns(3,4,5)P 3 signaling can also alter the recruitment and function of macrophages in neutropenia-related pneumonia. To test this, we first measured the number of alveolar macrophages in resting and inflamed lungs. Two populations of macrophages have been identified in the mouse: resident macrophages and inflammatory macrophages. [36] [37] [38] [39] [40] The extravasation of resident macrophages can occur in uninflamed lungs and is independent of neutrophils, while the recruitment of inflammatory macrophages to inflamed lungs occurs after infection and is a neutrophil-dependent process. 41 Because both macrophage populations play a crucial role in host defense and bacterial killing, we measured the number of alveolar macrophages both before and after bacteria challenge.
The numbers of resident alveolar macrophages in the BALF of unchallenged mice were accessed by Wright-Giemsa staining in which alveolar macrophages were identified by their large size, large cytoplasmic region, and single, round nucleus ( Figure 6A ) and by FACS analysis in which resident alveolar macrophages were identified as CD11b Ϫ F4/80 ϩ cells (Figures 6B and 8) . 42 This number was increased by more than 60% in the PTEN KO mice in both assays. During lung inflammation, recruitment of inflammatory macrophages occurs after neutrophil recruitment and usually peaks at 24 to 48 hours after bacterial infection. Accordingly, we measured the amount of inflammatory macrophages in inflamed lungs at 24 hours. We used FACS analysis to more precisely characterize the population of macrophages. Briefly, BALF cells were gated according to their forward light scatter (FSC) versus side light scatter (SSC) characteristics, thereby excluding contaminating red blood cells and cell debris. This was followed by hierarchical subgating according to their CD11b versus F4/80 antigen expression. Resident alveolar macrophages were then identified as F4/80 ϩ and CD11b Ϫ cells. Inflammatory-induced exudate macrophages were identified as F4/80 ϩ and CD11b hi cells ( Figure S8 ). As previously reported, 42 the total number of alveolar macrophages decreased after bacterial challenge. However, similar to neutrophil recruitment during lung inflammation, the recruitment of inflammatory macrophages was dramatically elevated in the PTEN KO mice ( Figure 6B ).
Cytokine and chemokine production was increased in the PTEN KO mice
Inflammation is always associated with a large amount of cytokine and chemokine release from the site of infection. These cytokines and chemokines can subsequently induce accumulation and activation of neutrophils, monocytes/macrophages, eosinophils, and lymphocytes. They also directly facilitate the clearance of pathogens by immune cells. In PTEN KO mice, the enhanced recruitment of neutrophils to the inflamed lungs could also be a result of elevated proinflammatory cytokine/chemokine levels in the lungs. Neutrophil recruitment to the inflamed lungs is mainly mediated by CXCR2 receptor. [43] [44] [45] [46] Keratinocyte-derived cytokine (KC) and macrophage-inflammatory protein-2 (MIP-2) are 2 of the CXCR2 receptor ligands in mice, and their levels in the lungs increase dramatically during the course of pneumonia. [47] [48] [49] [50] PTEN disruption may directly increase the production of these chemokines in the inflamed lungs. Alternatively, PTEN disruption may enhance neutrophil recruitment via affecting some other early cytokines, such as tumor necrosis factor-alpha (TNF-␣), interleukin 6 (IL-6), and IL-1, which are rapidly induced by bacteria and promote neutrophil recruitment indirectly. It was reported that neutrophil recruitment was significantly decreased by combined deficiency of TNF-␣ and IL-1 signaling. 51-54 Accordingly, we measured the level of these chemokines/cytokines in the inflamed lungs of both WT and PTEN KO mice. In BALF collected at 24 hours after E coli instillation, the concentrations of all 5 cytokines/ chemokines were significantly increased ( Figure 6C ) in the PTEN KO mice, demonstrating that the elevated neutrophil recruitment in these mice is also partially contributed by the elevated cytokine/chemokine levels. Among the known CXCR2 ligands, macrophages are thought to be important sources for MIP-2 and KC. [47] [48] [49] [50] Activated macrophages are also a major source of some early cytokines such as TNF-␣ and IL-6 in inflamed lungs. Thus, we directly examined whether PTEN disruption in macrophages can affect the LPSinduced production of MIP-2, KC, TNF-␣, and IL-6 using an in vitro assay. Resident alveolar macrophages were prepared from WT and PTEN KO mice and stimulated with LPS for 24 hours. Our results showed that PTEN disruption did not increase the production of cytokines/chemokines by macrophages. Interestingly, PTEN depletion even led to a very small but statistically significant decrease of TNF-␣ and IL-6 production ( Figure 6D ). Collectively, these results suggest that the elevated cytokine/chemokine levels in BALF is mainly caused by the increased numbers of resident alveolar macrophages, and not by their enhanced capability of producing cytokines or chemokines. 
Disruption of PTEN alleviates the severity of, and decreases the mortality associated with, neutropenia-related pneumonia
We demonstrated that augmentation of the PtdIns(3,4,5)P 3 signal by depleting PTEN enhances neutrophil/macrophage recruitment to the inflamed lungs and increases the bacteria-killing capability of the recruited neutrophils in both normal and neutropenic mice. As a result, the bacterial burden in the infected myeloid-specific PTEN KO mice was reduced. Because the direct cause of neutropenia-related pneumonia is the lack of neutrophils in the infected lungs to clear the invading bacteria, the enhanced phagocyte accumulation and the augmented bacteria-killing capability in PTEN KO mice should lead to a quicker resolution of lung inflammation under neutropenic conditions. This was supported by the reduced formation of pulmonary edema in bacteria-challenged neutropenic PTEN-null mice ( Figure 4H ). To provide more direct evidence, we conducted an X-ray radiographic analysis to assess the severity of lung inflammation. In WT mice, bacterial instillation induced severe inflammation in 24 hours, as shown by pulmonary infiltrates and abnormal diffuse radiographic opacities throughout the lungs. In contrast, the inflammation in the PTEN-null mice was less severe and usually lasted for less than 24 hours ( Figure 7A ). Severe pneumonia is often accompanied with vascular leakage.
BAL protein level increase has been used as an indicator of vascular leakage and a key parameter of inflammatory lung injury. Consistent with the enhanced bacteria killing capability and the alleviated lung inflammation in the PTEN KO mice, we detected much decreased total protein level in BALF in the inflamed lungs ( Figure 7B ). Pneumonia is also accompanied by compromised lung mechanics 52, 55 ; thus, we further explored the integrity of lung function by measuring pulmonary compliance and resistance using an invasive monitoring method ( Figure 7C ). Lung compliance, which is measured as the pulmonary volume change per unit of pressure change, reflects the comparative stiffness or elasticity of the lung: the stiffer the lung, the lower the compliance. Compliance is often reduced by edema in the alveolar spaces during lung inflammation. Lung resistance, which is the amount of pressure required to cause a unit change of gas flow, reflects both narrowing of the conducting airways and parenchymal viscosity. In the absence of pneumonia, there were no significant differences in pulmonary compliance and resistance between WT and myeloidspecific PTEN-null mice ( Figure S9 ). As expected, lung compliance decreased and pulmonary resistance increased in mice with pneumonia. However, such alterations in lung mechanics were not as pronounced in neutropenic PTEN-null mice compared with their Mice were intratracheally instilled with 10 6 CFU of E coli and killed at indicated time points. BALF were collected using ice-cold PBS/15 mM EDTA (ethylenediaminetetraacetic acid; 1 mL ϫ10). (A) Differential cell counts were conducted on cytospin preparations stained with a modified Wright-Giemsa stain (Volu-Sol). Macrophages were identified morphologically. BALF total cell numbers were counted using a hemocytometer. Macrophage population was calculated according to its percentage. (B) Total numbers of leukocytes, neutrophils, resident macrophages, and inflammatory macrophages in BALF were determined by FACS analysis. (C) BALF chemokine and cytokine levels were determined using enzyme-linked immunosorbent assay (ELISA) kits. (D) LPS-induced chemokine and cytokine release from purified primary alveolar macrophages. Alveolar macrophages were collected from unchallenged WT and PTEN KO mice and stimulated with LPS (1 g/mL) for up to 24 hours. Supernatants were harvested and the chemokine/cytokine levels were determined using ELISA kits. Data are presented as mean (Ϯ SD; n Ն 3 mice in each group). *P Ͻ .05, **P Ͻ .01 versus WT.
WT littermates at 24 hours after E coli instillation, supporting the idea that disruption of PTEN alleviates the severity of lung inflammation in neutropenic mice ( Figure 7C ). Lastly, severe neutropenia-related pneumonia can lead to death. Thus, we investigated whether augmentation of the PtdIns(3,4,5)P 3 signal by depleting PTEN can reduce such lethality. Consistent with the X-ray and lung function data, the increased bacteria clearance capability and less severe inflammation in the myeloidspecific PTEN-null mice resulted in a higher survival rate of bacteria-challenged neutropenic mice. More than 50% of PTEN experimental mice survived the challenge. In contrast, only 7% of WT mice survived ( Figure 7D ). In the above experiments, the mouse neutropenia was induced with the chemotherapeutic drug Cy. We also examined pneumonia-associated lethality of irradiationinduced neutropenic mice. Essentially the same results were obtained: PTEN disruption led to a higher survival rate of neutropenic mice, demonstrating that the protective effect observed in the PTEN-null mice was not a model-dependent phenomenon ( Figure 7E ). Taken together, these observations provide direct evidence that augmenting PtdIns(3,4,5)P 3 by disrupting PTEN can alleviate the severity of neutropenia-related pneumonia. This effect is mainly mediated by the elevated bacterial killing capability, which is largely due to the augmented recruitment and enhanced function of neutrophils. Supporting this idea, when the neutropeniarelated pneumonia was induced by sterile ligands LPS, we could not detect statistically significant difference in the survival rate between the WT and PTEN KO neutropenic mice. The elevated neutrophil recruitment was still observed in the PTEN KO mice. Nevertheless, this led to even more severe lung damage instead of alleviation of lung inflammation as observed in the pneumonia induced by live E coli ( Figure S10 ).
Discussion
In this study, we explored the possibility of treating and preventing neutropenia-related pneumonia by enhancing various neutrophil functions. We did so by augmenting the intracellular PtdIns(3,4,5)P 3 signaling pathway. Augmentation of this signal was achieved by disrupting PTEN, a phosphatidylinositol 3Ј-phosphatase that negatively regulates PtdIns(3,4,5)P 3 signaling. We demonstrated that PTEN-null neutrophils have enhanced bacteria-killing capability, and their recruitment to inflamed lungs was augmented under both normal and neutropenic conditions. Most recently, Heit et al reported that under a certain situation, PTEN is required for prioritizing and integrating responses to multiple chemotactic cues. In agreement with our findings, they detected enhanced recruitment Age-and sex-matched WT and PTEN KO mice were pretreated with Cy (250 mg/kg; panel D) or exposed to irradiation (600 cGy) as described in "Methods" and then challenged with 10 5 live E coli. The survival rates were analyzed using the Kaplan-Meier and log-rank methods. The differences in survival were statistically significant (*P Ͻ .01 by log-rank test).
BLOOD, 14 MAY 2009 ⅐ VOLUME 113, NUMBER 20 For personal use only. on December 27, 2017. by guest www.bloodjournal.org From of neutrophils to the peritoneum in response to formyl-methionylleucyl-phenylalanine (fMLP) in the PTEN KO mice. However, disruption of PTEN led to "distraction" in migrating neutrophils in an in vivo model of inflammatory arthritis. 56 Thus, the exact role of PTEN in neutrophils might rely on the diversity of chemoattractants involved, as well as on the relative doses and route used to induce the neutrophil inflammatory reactions. Whether PTEN functions to prevent distraction during lung inflammation is still largely unknown.
In response to inflammatory stimuli, neutrophils migrate from the blood to infected tissues, where they protect their host by engulfing, killing, and digesting invading bacterial and fungal pathogens. Conversely, excessive neutrophil accumulation or hyperresponsiveness of neutrophils can be detrimental to the system. Hence, the response of neutrophils to inflammatory stimuli needs to be well controlled. Augmenting neutrophil function by elevating the PtdIns(3,4,5)P 3 signaling might increase the chance of aggravated inflammation and tissue damage. In the PTEN KO mice, more severe pulmonary edema and increased mortality rate were observed when bacterial pneumonia was induced in nonneutropenic mice ( Figure 1E ). This is most likely due to the excessive neutrophil accumulation and hyperactivation of the recruited PTEN-null neutrophils. Nevertheless, this should be less of a concern in neutropenic patients in whom the number of neutrophils is dramatically reduced and the release of noxious compounds, such as oxidants, proteinases, and DNA, by neutrophils is also minimal. The direct cause of neutropenia-related pneumonia is the lack of neutrophils in the infected lungs to clear the invading bacteria. When the dose of E coli is in a range that can be handled by the host innate immune system, the enhanced neutrophil accumulation and the augmented bacteria-killing capability in the PTEN KO mice will lead to faster resolution/alleviation of lung inflammation under neutropenic conditions. Consequently, the increased bacteria clearance capability and less severe inflammation in the PTEN-null mice will result in a much increased survival rate of bacteria-challenged neutropenic mice. In support of this idea, less severe pulmonary edema and increased survival rate were observed in infected neutropenic PTEN-null mice. However, if the amount of bacteria instilled into the lungs is too high, and thus even the PTEN-null neutrophils cannot clear all of the pathogens, PTEN KO mice might even display more aggravated lung inflammation due to the enhance neutrophil accumulation and superoxide production.
Note that although we focused on neutrophils and used myeloidspecific PTEN KO mice in this study, augmentation of PtdIns(3,4,5)P 3 signaling might also enhance host defenses during neutropenia-associated pneumonia by affecting other immune cell types. For example, it is well documented that enhancing the PtdIns(3,4,5)P 3 signal can strengthen T-cell and B-cell functions. [57] [58] [59] [60] [61] It was also reported that disruption of PTEN in macrophages significantly increases their phagocytic capability, 22 and that overexpression of PTEN inhibits macrophage invasion and proinflammatory cytokine expression. 62 In our myeloid-specific PTEN KO mice, PTEN expression was also ablated in monocytes, macrophages, and some dendritic cells, which also play critical roles in host defense in bacterial pneumonia. Although the competitive adoptive transfer and in vitro bacteria killing/phagocytosis assays definitively demonstrated that PTEN disruption in neutrophils is at least partially responsible for the enhanced bacteria clearance capability in KO mice, the involvement of other cell types cannot be ruled out. Indeed, we demonstrated that disruption of PTEN also enhanced the accumulation of alveolar resident and inflammatory macrophages. As a result, the levels of proinflammatory cytokines/chemokines, such as MIP-2, KC, TNF-␣, IL-1, and IL-6, in the BALF were elevated.
In present study, we demonstrated that neutrophil function can be enhanced by elevating PtdIns(3,4,5)P 3 signaling in neutropeniarelated pneumonia. In addition, we provided direct evidence that enhancement of neutrophil function by elevating PtdIns(3,4,5)P 3 signaling can alleviate pneumonia-associated lung damage and decrease pneumonia-elicited mortality. These results provide insight into the mechanism of action of PTEN and PtdIns(3,4,5)P 3 signaling pathway in modulating neutrophil function during lung infection and inflammation. As physiologic regulators of neutrophil function, the PTEN and related pathways could be promising therapeutic targets for modulating neutrophil performance in neutropenia-related pneumonia. 
